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ABSTRACT 

Adsorption storage on highly microporous activated carbon is the most promissing low-pressure 
alternative for storing natural gas. A detailed mathematical model has been developed in order to 
study the impact of natural gas composition on cycling efficiency of adsorption storage systems. 
Results show that net deliverable capacity is substantially decreased by heavy hydrocarbons which 
are present in small amounts in natural gas. Economical means of removing them from the gas 
stream before charge need to be identified and evaluated. 

INTRODUCTION 

Natural gas (NG) has always been considered a potentially attractive fuel for vehicle use. It is 
cheaper than gasoline and diesel, the technical feasibility of NG vehicles is well established, and 
they have a less adverse effect on the environment than liquid-fueled vehicles. For example, NG 
can be burnt in such a way as to easily minimize NO, and CO emissions [ I ] .  In fact, NG outscores 
petroleum based fuels in every aspect except on-board storage [2]. 

A large effort has been devoted to replacing NG high-pressure compression by an alternative 
storage method working at pressures up to 3.5 MPa. Besides allowing the use of lighter and 
safer on-board storage reservoirs, this upper pressure limit is easily achieved with a single-stage 
compressor or, alternatively, the vehicle can be refueled directly from a high-pressure pipeline. As 
a result, a significant decrease in the capital and operating costs of refuelling stations would be 
obtained. 

A general consensus has been reached regarding adsorption as the most promissing low-pres- 
sure alternative for storing NG. Extensive experimental work has shown that highly microporous 
activated carbon is the adsorbent best suited for his task. @inn and co-workers [ I ]  have given a 
detailed review of the subject and an update will be published soon [3]. 

Several operational problems that influence the success of adsorbed natural gas (ANG) storage 
have been addressed in the literature [1,2]. The one of concem here is the storage capacity loss 
due to the gradual contamination of the adsorbent with hydrocarbons higher than methane, which 
are present in trace amounts in NG. If these are not removed from the gas stream before charge, 
they can adsorb preferentially to high equilibrium residual levels and substantially decrease the 
net deliverable capacity. This is a consequence of their higher adsorption potential and of the 
infeasibility of operating an onrboard storage reservoir at sub-atmospheric pressures. 

Although some work, both analytical and experimental, has been conducted to design and test 
economical means of controlling the contaminants [4], very little effort has been devoted to the 
study of their impact on cycling efficiency. This has prompted the author to conduct the work 
presented here. 

PROBLEM FORMULATION 

In order to assess the impact of NG composition on net deliverable capacity, the dynamic behaviour 
of an on-board storage cylinder is modeled as a series of consecutive cycles, each consisting on 
charge with a fixed gas mixture followed by discharge at constant molar rate until depletion pres- 
sure is reached. 

Gas adrsorption. 
Multicomponent adsorption equilibrium is predicted by a formalism combining Adsorption 

Potential [5] and Ideal Adsorbed Solution (IAS) [61 theories. The same idea has been applied by 
Stoeckli et al. [7] to the binary adsorption of vapours using the Dubinin-Radushkevich isotherm. 

Recently, Chang and Talu [SI studied theoretically and experimentally the performance of 
' adsorbed methane storage cylinders under discharge conditions. Their experimental adsorption 

isotherms are shown in figure la. The analysis of these data on the basis of the potential theory 
results in a characteristic curve of adsorption on the carbon which is depicted in figure Ib. The 
constructed curve is temperature-independent, this fact corroborates the applicability of the the- 
ory. Saturation pressure and adsorbed molar volume, VA, were calculated according to expressions 
proposed by Ozawa ef at'. [9]. 

In many cases, the theory can be generalized if an affinity coefficient, p, is used as shifting 
factor to bring the characteristic curves of all gases on the same adsorbent into a single curve. 
This is assumed to apply to all the species under consideration here. Based on the author's past 
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experience on light hydrocarbon adsorption, the liquid molar volume of the adsorbate at the noha1  
boiling point was used as the affinity coefficient. 

Although the hnctional form of the characteristic curve is adsorbent dependent, expressing 
the logarithm of the adsorbed phase volume, W, as a truncated series development of the scaled 
adsorption potential, E / D ,  provides good fitting of the experimental data [9]. A second-order 
polynomial is usually enough, as can be seen in figure Ib. 

Multicomponent adsorption equilibrium prediction using the IAS method requires values of 
spreading pressure, il, for adsorption of single gases. According to the potential theory, if this 
variable is scaled by V A / ~  then it becomes a function of E / B  only, and can be computed from a 
single curve for all intervening adsorbates: 

m 
Any E (vA/b)iAni = W ( E * ) ~ < *  (i F i ,  . . . , N ) .  (1)  

. . C , l P i  

ifthe development of In W as a power series of ~/j3 accurately describes the experimental data, 
then eq. ( I )  suggests that Ail' can also be expressed as a series development of the form 

where Ani is the value of An* at saturation. As shown in figure 2a, a truncated second-order 
polynomial expansion describes very accurately the experimental data under consideration. Fur- 
thermore, the truncated series is easily invertible, 

c i / p  - - J1 + (4k2/k~)In(Ant/An;) - , (3) ' - 2 [ 13 
which is critical in speeding up the computations 

Discharge phase. 
The model employed for the discharge phase is an extension to multicomponent adsorption of 

a prior model [10,11] that has been proven experimentally to describe successfully the discharge 
dynamics of methane adsorptive storage cylinders [SI. 

In an on-board storage reservoir the discharge rate is controled by vehicle power rcquirements. 
This process is slow enough for pressure to be uniform within the cylinder and for the inexistence 
of intraparticle gradients. Hence, an equilibrium model can be employed at the particle level. 
Moreover, the cylinder is considered sufficiently long so that the small axial temperature gradient 
induced by the front and rear faces has negligible impact on the overall dynamics. These assump- 
tions drastically reduce the spatial dimensionality of the problem, since only the radial profile 
needs to be taken into account. The implication of these assumptions on model performance is 
discussed to further length elsewhere [IO]. 

Thedifferential material balance for component i on a cylindrical shell element of the reservoir 
located at radial position r ,  can be written as 

where c, and q, are the concentrations in gas and adsorbed phase, respectively, y, is the mole 
fraction in gas, E and p b  are the porosity and bulk density of the carbon bed, and F ( t ,  r )  is the 
local contribution to the overall molar discharge rate per unit reservoir volume. 

These balances are subjected to boundary conditions 

( 5 )  ayi/ar = 0 for r = 0, R, (i = 1 ,..., N), 

where R, is the cylinder radius. 
As discharge proceeds, the consumed heat of adsorption is only partially compensated by the 

wall thermal capacity and by the heat transfered from the outside air. As a result, a radial tempera- 
ture profile develops in the medium, the major temperature drop occuring at the centre of the bed. 
Given that pressure remains uniform within the cylinder, the temperature profile induces radial 
concentration gradients in both adsorbed and gas phases. The latter tend to be lessened by bulk 
diffusion which is taken into account in the third term of eq. (4). 

Accordingly, the local contribution F must also vary along r in order to ensure uniform pres- 
sure in the cylinder and to satisfy the following integral constraint over the cross section of the 
cylinder: 

2 a L i R " F ( r ,  r ) rdr  = Q, (6)  

where L is the cylinder length and Q is the imposed overall molar discharge rate. 
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The energy equation, applied to the same differential volume, yields 

where C, and C, are the carbon and gas heat capacities, respectively, T is temperature, P is gas 
pressure, -AHi is the heat of adsorption for species i ,  and A, is the effective thermal conductivity 
of the carbon bed. 

Equation (7) is subjected to boundary conditions 

aT/ar = 0 for r = 0, (8) 

The latter condition is an energy balance on the steel cylinder wall, it cannot be neglected due to its 
large thermal capacity. Symbols e,, C, and h, represent wall properties (thickness, volumetric 
heat capacity, and natural convection heat transfer coefficient at the external surface, respectively) 
and Tmb is ambient temperature. 

Charge phase. 
Heat effects during the charge phase are neglected mainly because adequate solutions have 

been proposed to eliminate them. For example, at a refuelling station the gas can be cooled before 
charging the reservoir or an external NG recycle loop can remove the heat and reject it to the 
environment across an air-cooled heat exchanger [ 121. Alternatively, fleet vehicles can be charged 
over a long period, e.g. overnight, which provides enough time to dissipate the heat of adsorption. 
The interested reader is refered to Mota [IO] for rigorous modeling work on heat effects in the fast 
charge of ANG storage cylinders. 

According to these assumptions, a lumped-based model can be adopted for the charge phase. 
At the end ofthe discharge, the residual amount of each component left in storage per unit reservoir 
volume is computed from 

2 
Si = (2/R,) 1 ( E C ~  + pbqi) rdr  at depletion (i = 1, . . . , N). (10) 

Then, the following set of lumped material balances is solved in order to compute the new dis- 
charge initial conditions: 

& c i + p b q i = S i + z i F C  with P = P , ~ e a n d T = T m b  ( [ = I ,  ..., A’), (11) 

where F, is the amount of gas admited to the cylinder during charge and zi is its mole fraction 
composition. Fc is an unknown which is computed along with the new initial discharge conditions. 

RESULTS AND DISCUSSION 

Unfortunately, due to lack of space most of the paper has been spent describing the theoretical 
model, leaving room for a limited amount of results. The discharge phase model is validated for 
single-gas adsorption by comparison with the experimental temperature history in an adsorbed 
methane cylinder during discharge. As shown in figure 26, model results are in close agreement 
with the experimental data. 

Multicomponent discharge dynamics is sumarized in figures 30 and 36. It is a complex function 
of the adsorption potential of each component and its mole fraction in the charge gas. Depletion 
pressure is 1.4 atm while charge pressure is 35 atm. The discharge flow rate considered, 6.7 l/min, 
produces a methane discharge duration of about 4 hours under non-isothermal conditions. Table 1 
lists the values of the main parameters employed in the numerical simulations. The gas composi- 
tion considered in this study is given in table 2, it characterizes the NG from the Hassi R’Mel well 
supplying Portugal. 

The net deliverable capacity is measured in terms of dynamic efficiency, which for component 
i is defined as 

amount of species i delivered under dynamic conditions 
(amount of pure methane delivered isothermally) . zi ’ (12) 

where zi is its mole fraction in the charge gas (table 2). This way, the q values converge to a com- 
mon point at the cyclic steady state (figure 30). The dynamic efficiency decreases gradually with 
the number of cycles to the cyclic steady-state value, although it attains a maximum at intermediate 
cycles for the higher hydrocarbons if their mole fractions in the charge gas are high enough. Until 
steadiness is reached, the total hydrocarbon capacity loss (CI-C~) depends linearly on the loga- 
rithm of the number of cycles. This is agreement with the experimental observations of Golovoy 
and Blais [ 131 for 100 cycles of operation of an ANG cylinder. 

Vi = 
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The temperature and mole fractions shown in figure 36 are lumped values obtained from aver- 
aging the variable over the cross section of the cylinder. The same figure shows that the discharge 
duration is reduced as the number of cycles is increased since the micropore volume is gradually 
occupied by the higher hydrocarbons which tend to remain adsorbed at depletion pressure. The 
temperature history is approximately linear, because the discharge is carried out at constant molar 
rate, and is nearly insensitive to the cycle number. 

CONCLUSIONS 

A detailed mathematical model has been developed in order to study the impact ofNG composition 
on cycling efficiency of ANG reservoirs. Although the model has been applied to a single NG. 
o t k r  23s compositions sliouid produce tine same qualitative behaviour. The results emphasize 
the need to identify and evaluate economical means of removing the contaminants from the gas 
stream before charge. The solution could be either a gas clean-up system installed at the refueling 
station [4,12] or a guard bed placed in front of the on-board storage reservoir [14]. 
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C, = 355.5 atman'mol-' .K-' Pdepletion = 1.4 atm 
C, = 10.38 atm.cm3.g-'.K-' R , =  lOcm 
C, = 38.68 atm.K-l Tamb= 20°C 
e,= 0.55cm E =  0.5- 
L =  74cm A, = I .26 atman2min-'.K-1 

Pchargc = 35 atm pb 0.48 I g.cm-3 

Table 1 : Data employed in numerical simulations. 

Component CH4 C2& C3He C ~ H I O  CsH12 N2 
Mole fraction 0.840 0.076 0.020 0.007 0.003 0.054 

Table 2: Composition of natural gas from the Hassi R'Mel well (Algeria) supplying Portugal. 
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Figure 1: Methane adsorption on an activated carbon. (a) Experimental isotherms reported by 
Chang and Talu [SI; (b) corresponding characteristic curve of adsorption plotted according to the 
potential theory. 

0 0.2 0.4 0.6 0.8 1 
(a) Adsorption potential, x ( a m )  (b) Dimensionless radial position, r / R  

Figure 2: (a) Spreading pressure as a function of scaled adsorption potential for the carbon under 
study. (b) Radial temperature profiles in an adsorbed methane cylinder as a function of time during 
discharge. Comparison between experiments [SI (points) and model predictions (lines). Sampling 
interval = 20 min; L = 74 cm, R = I O  cm, carbon weight = 15.78 kg, discharge rate = 6.7 Ilmin, 
charge pressure = 2 1 atm, depletion pressure = 1.6 atm. 
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Figure 3: (a) Dynamic efficiency, V i ,  as a function of cycle number for an ANG cylinder. (b) 
Histories of temperature and mole fractions in adsorbed phase for ( I )  first and (00) cyclic steady- 
state discharges in an ANG cylinder. 
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